uptake. The effectiveness of theophylline was independent of extracellular Ca2+ over the range 0-10.2mM. These results indicate that inappropriate Ca2 + regulation is a key pathogenic feature underlying the inappropriate insulin secretion of rat insulinoma cells.
Recent years have witnessed a considerable interest in the development and exploitation of transplantable insulinomas in small laboratory animals for studies of the physiology and pathophysiology of insulin secretion (Grillo et al., 1967; Chick et al., 1977 Hirayama et al., 1979; Hanahan, 1985) . The most commonly employed tumour is the serially transplantable radiation-induced NEDH rat insulinoma (Chick et al., 1977) which exhibits rapid growth rate, giving rise to large vascularised tumours comprised of well granulated insulin-containing cells with only trace amounts of other regulatory peptides (O'Hare et al., 1985; Conlon et al., 1986) . This tumour has also parented the clonal RINm5F cell line (Gazdar et al., 1980) , although the insulin-secretory properties of this selected daughter clone more closely resemble pancreatic f-cells than the original tumour (Flatt et al., 1987a) .
Syngeneic transplantation of small fragments of the NEDH rat insulinoma consistently results in hyperphagia, loss of diurnal rhythms of insulin-glucose homeostasis, progressive hyperinsulinaemia and hypoglycaemia which without surgical or drug intervention results in neuroglycopenic coma (Flatt et al., 1986 (Flatt et al., , 1987b . Since unrestrained insulin secretion in the face of hypoglycaemia is the cardinal feature of insulinoma (Marks & Rose, 1981) , recent studies have focussed on the regulation of tumour insulin secretion in relation to the underlying secretory defect (Swanston-Flatt & Flatt , 1988a . These studies have shown that whereas rat insulinoma cells respond to agents which affect insulin secretion in pancreatic f-cells through the adenylate cyclasecyclic AMP system, responsiveness to glucose and substances which normally modulate secretion by alterations of transmembrane Ca2+ fluxes is severely compromised. To further evaluate this issue, the present study has examined the role of extracellular Ca2 + in insulin release from cultured rat insulinoma cells, and assessed changes in membrane potential, transmembrane 45Ca flux, cytoplasmic free Ca2+ con-Animals and transplantation Male inbred albino New England Deaconess Hospital (NEDH) rats from the colony at the University of Surrey carrying a serially transplantable radiation-induced insulinoma (Chick et al., 1977) were used at 14-17 weeks of age. The origin, transplantation and maintenance of these rats has been described elsewhere (Flatt et al., 1986) .
Isolation and culture of tumour cells Tumours were excised from the subscapular site of hypoglycaemic insulinoma-bearing rats, and used to prepare tumour cell suspensions as previously described (Flatt et al., 1987d; Swanston-Flatt & Flatt, 1987) . Isolated cells were cultured for 2-3 days at 37°C in a humidified atmosphere of 5% CO2 in air. The culture medium was RPMI-1640 (Gibco Europe Ltd., Paisley, UK) containing 10% foetal calf serum, antibiotics (100 U ml -penicillin and 0.1 mg ml-1 streptomycin; Gibco Europe Ltd., Paisley, UK) and 1L.1 mM glucose. (Flatt & Bailey, 1981 (Lenmark, 1974) . After briefly washing, the cells were resuspended in 1.5 ml buffer and transferred to the cuvette. Fluorescence was measured with excitation and emission wavelengths set at 339 and 492 nm, respectively. Calibration was performed as previously described (Beaven et al., 1984 Statistical evaluation was performed using analysis of variance (Anova) and Student's paired or unpaired t-tests. Differences were considered to be significant for P<0.05.
Results
Insulin release and "Ca uptake As shown in Table I , glucose did not modify insulin release or "Ca uptake by rat insulinoma cells. Addition of theophylline or dibutyryl cyclic AMP enhanced insulin release by 19-52% without affecting "Ca uptake. Figure 1 shows "Ca uptake and insulin release at different extracellular Ca2 + concentrations in the absence or presence of theophylline. Figure 2 (A-C) glucose, dibutyryl cyclic AMP, A23187 or verapamil lacked significant effects on .4Ca effiux from preloaded rat insulinoma cells. In contrast to its ineffectiveness in 45Ca uptake studies, 25mM K+ caused a slight transient but significant increase of 45Ca efflux (Figure 2A) . Changes in the medium concentration of Ca2+ also significantly affected 45Ca efflux (Figure 3 A-B) . Addition or removal of Ca2 + from the Figure 4B ). In other experiments ( Figure 4C ), dibutyryl cyclic AMP did not affect Membrane potential Relative changes in membrane potential in rat insulinoma cells were measured using the fluorescent dye bis-oxonol. As shown in Figure 7 , glucose was without effect on the membrane potential of insulinoma cells. Exposure to 25 mM K + resulted in depolarisation of the plasma membrane.
Discussion
Considerable evidence supports a key role of Ca2 + as a regulator of insulin secretion from the pancreatic fl-cells (Malaisse et al., 1978a; Wollheim & Sharp, 1981; Henquin & Meissner, 1984; Hellman & Gylfe, 1986) . Thus glucose and many other secretogogues are believed to regulate insulin release by controlling the concentration of free Ca2+ ions in a stimulatory cytoplasmic pool. This is achieved through effects on Ca2+ fluxes at the plasma membrane and intracellular Ca2+ sequestration by organelles such as mitochondria and endoplasmic reticulum. Elevation of intracellular cyclic AMP also triggers insulin release in the presence of extracellular Ca2+, and it is generally held that one important action of cyclic AMP in addition to activation of protein kinases concerns sensitization of the exocytotic mechanism to cytoplasmic Ca2+ (Wollheim & Sharp, 1981; Hellman & Gylfe, 1986) . In the present study, we have demonstrated that cultured rat insulinoma cells exhibit profound irregularities in the regulation of transmembrane Ca2 + fluxes, insulin release and [Ca2+]i measured using the fluorescent indicator quin-2.
It is now well established that in pancreatic f-cells glucose triggers a network of interrelated metabolic and ionic events which lead to depolarisation of the plasma membrane, Ca2 + influx, elevation of [Ca2 +I and insulin release (Malaisse et al., 1978a; Wollheim & Sharp, 1981; Henquin & Meissner, 1984; Hellman & Gylfe, 1986 ). In accordance with previous studies with the Surrey insulinoma subline (Flatt et al., 1987b; Swanston-Flatt & Flatt, 1987) , short-term cultured rat insulinoma cells did not respond to glucose with (2) 292+174 (2) +151+97 ( increased insulin release. This unresponsiveness may partly reflect defective glucose recognition since tumour cells exhibit a marked depletion of glucokinase with a corresponding increase in high affinity hexokinase (Lenzen et al., 1987 [Ca2+] were small compared with those evoked in pancreatic fl-cells . Indeed, it was only just possible to detect an effect of K+ on 45Ca efflux from preloaded insulinoma cells, and impossible to distinguish any effect using the less sensitive 45Ca uptake method. These obser- The present study did not reveal a close correlation between increased concentrations of extracellular Ca2+ and insulin release by rat insulinoma cells. Thus whereas basal and nutrient-induced insulin secretion from rat pancreatic,-cells displays a marked Ca2+ dependence (Devis et al., 1977; Malaisse et al., 1978b) (Swierenga et al., 1980; Durham & Walton, 1982; Ralph, 1983) . Such behaviour has been interpreted to indicate a paramount change in some key Ca2+-regulated control mechanism (Swierenga et al., 1980; Ralph, 1983) , and in rat insulinoma cells it is associated with the lack of effect of the Ca2+-calmodulin antagonist, trifluoroperazine, on insulin release. However, the possibility cannot be ruled out that insulinoma cells exhibit exquisite sensitivity to Ca2 + such that insulin release is already maximally stimulated at extraordinary low [Ca2 +]i.
The ineffectiveness of the Ca2 + ionophore A23187 on transmembrane 45Ca fluxes in rat insulinoma cells parallels similar observations obtained with other neoplastic cell types (Cittadini et al., 1981) . Since the present measurements of [Ca2+] i are slightly lower than reported for pancreatic f-cells (Rorsman et al., 1984; Abrahamsson et al., 1985) , the phenomenon cannot be attributed to a high permeability of the cancer cell plasma membrane to external Ca2 . Ionophore X537A was also without effect on 45Ca uptake of rat insulinoma cells, although the Ca2 + ionophore ionomycin produced a prompt rise of [Ca2+] i in these cells. These combined observations may be taken to indicate that tumour cells in general have already acquired features similar to those induced by certain ionophores (see Cittadini et al., 1981) . The increase of insulin release by A23 187 in these circumstances may reflect an ability of calcium ionophores to promote cyclic AMP production in insulin-secreting cells (Hellman, 1975) .
Previous in vivo and in vitro studies of rat insulinoma cells have drawn attention to the ability of agents which affect the adenylate cyclase-cyclic AMP system to modulate tumour insulin secretion (Flatt et al., 1987b; Swanston-Flatt & Flatt, 1988a) . Consistent with this view, dibutyryl cyclic AMP and the phosphodiesterase inhibitor theophylline increased insulin release from rat insulinoma cells in the present study. The action of dibutyryl cyclic AMP did not involve modification of transmembrane 45Ca fluxes, and consistent with observations in pancreatic f-cells , [Ca22+] was unchanged. Although the action of theophylline on pancreatic fl-cells may involve mobilisation of cellular Ca2+ (Wollheim & Sharp, 1981; Hellman & Gylfe, 1986) , the changed Ca2 +-dependence of insulinoma cells clearly points to a primary effect of theophylline on intracellular cyclic AMP accumulation. Consistent with this view, theophylline-stimulation of insulin release was independent of extracellular Ca2+ over the range 0-10.2mM, and the effect was not diminished by depletion of Ca2 + from the medium with addition of EGTA. This indicates that normal sensitivity to Ca" is not a prerequisite for cyclic AMP stimulation of insulin release which may follow from activation of the operative microtubular-microfilamentous system in rat insulinoma cells (Swanston-Flatt & Flatt, 1988a) . The fact that theophylline-induced insulin release was no longer demonstr- (Flatt et al., 1 980a, b; Swanston-Flatt & Flatt, 1988b ).
In conclusion, the present study has demonstrated that transplantable NEDH rat insulinoma cells exhibit marked abnormalities of insulin secretion associated with defective regulation of transmembrane Ca2+ fluxes and disturbances in both the control of and sensitivity to [Ca2] i. Recently, it has been reported that inappropriate insulin release from three benign medullary-type human insulinomas was associated with disturbances in the regulation of transmembrane Ca2 + fluxes (Flatt et al., 1987e) . Although some islet cell tumours may exhibit varying degrees of responsiveness to glucose or calcium infusion (Marks & Rose, 1981; Comi et al., 1986) , the present observations indicate that inappropriate Ca2 + regulation is a common pathogenic feature underlying the inappropriate functions of certain types of insulinoma, and possibly other neoplastic cell types. 
